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Abstract 

Background: Robust ERKl/2 activity, wliicli frequently results from KRAS mutation, invariably occurs in pancreatic 
ductal adenocarcinoma (PDAC). However, direct interference of KRAS signaling has not led to clinically successful 
drugs. Correct localization of RAF is regulated by the scaffold protein prohibitin (PHB) that ensures the spatial 
organization between RAS and RAF in plasma membranes, thus leading to activation of downstream effectors. 

Methods: PHB expression was analyzed in human pancreatic cancer cell lines, normal pancreas, and PDAC tissue. 
Furthermore, genetic ablation or pharmacological inhibition of PHB was performed to determine its role in growth, 
migration, and signaling of pancreatic cancer cells in vitro and in vivo. 

Results: The level of PHB expression was crucial for maintenance of oncogenic ERK-driven pancreatic tumorigenesis. 
Additionally, rocaglamide (RocA), a small molecular inhibitor, selectively bound to PHB with nanomolar affinity to 
disrupt the PHB-CRAF interaction by altering its localization to the plasma membrane. Consequently, there was 
an impairment of oncogenic RAS-ERK signaling, thereby blocking in vitro and in vivo growth and metastasis of 
pancreatic cancer cells that were addicted to RAS-ERK signaling. More importantly, RocA treatment resulted in a 
significant increase of the lifespan of tumor-bearing mice without any detectable toxicity. 

Conclusions: Blockade of the PHB scaffold-CRAF kinase interaction, which is distinct from direct kinase inhibition, 
may be a new therapeutic strategy to target oncogenic ERK-driven pancreatic cancer. 
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Background 

The almost universal lethality of pancreatic ductal adeno- 
carcinoma (PDAC) has led to intensive study of the genetic 
mutations responsible for its initiation and progression 
[1-3]. The most common oncogenic mutations associated 
with all PDAC stages occur in the KRAS gene, indicating 
that this gene is the primary initiator of PDAC [4]. How- 
ever, RAS is an intractable therapeutic target and RAS 
inhibitors have not been successful in clinical trials. There- 
fore, targeting downstream kinases in the pathway such as 
RAF and MEK may be a new approach [5,6]. Unfortu- 
nately, the structures of the catalytic domains of various 
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kinases are highly similar and many "specific" inhibitors 
target multiple kinases rather than their intended target 
[7]. Additionally, cancer cells rapidly acquire resistances 
against kinase inhibitors. Thus, novel therapeutics targeting 
regions outside the kinase domain have become much 
more necessary for components of the RAS-RAF-ERK 
pathway. 

Intracellular scaffold proteins mediate protein-protein 
interactions as well as spatial and temporal regulation to 
generate signal specificity, which ultimately controls cellu- 
lar behavior [8,9]. Prohibitin (PHB), a flagship member of 
the Band-7 family of proteins, is highly conserved, ubi- 
quitously expressed, and localizes to the mitochondria, 
cytosol, nucleus, and plasma membrane [10-13]. Notably, 
PHB is a scaffold protein required for the interaction 
between RAS and RAF at the plasma membrane, thus lead- 
ing to RAS -mediated activation of RAF and downstream 
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activation of the ERK pathway [14]. Intriguingly, PHB- 
silenced HeLa cells exhibit reduced spreading and increased 
intercellular adhesion, forming tiny islands of densely 
packed cells [15]. We observed that the pancreatic cancer 
cell line Capan-2 exhibits similar tiny islands of densely 
packed cells. Therefore, we hypothesized that deficient 
PHB expression may exist in Capan-2 cells. In addition, 
whether PHB plays any role in RAS-ERK-driven pancreatic 
cancer remains undetermined. 

Rocaglamide (Roc A), a naturally occurring compound, 
has a unique cyclopenta [b] benzofuran skeleton and is 
isolated from the medicinal plants belonging to genus 
Aglaia (family Meliaceae) [16], which are traditionally 
used in folk medicine for the treatment of coughs, injuries, 
asthma, and inflammatory skin diseases. More recently. 

Poller et al [17] carried out affinity chromatography- 
coupled mass spectrometry to identity PHB as the direct 
target of RocA in leukemic cells. Importantly, they also 
revealed the mechanism in which binding of RocA to 
PHB prevents CRAF-PHB interactions, thus leading to 
impaired ERKl/2 activation in leukemic cells. Therefore, 
RocA may be used to target protein-protein interactions 
rather than the catalytic kinase domain. 



In the present study, we unravel a new therapeutic 
paradigm to inhibit R AS -driven pancreatic tumors by 
blocking the interactions of PHB scaffold- CRAP kinase. 
Furthermore, RocA suppresses ERK activity and blocks 
in vitro and in vivo growth and metastasis of pancreatic 
cancer cells that are addicted to the ERK pathway. 

Thus, the regulation of RAS-RAF-ERK pathway by 
targeting the PHB-CRAF interaction introduces a novel 
potential therapeutic approach for ERK-driven pancreatic 
cancer. 

Results 

Expression and localization of PHB in pancreatic cancer 
cells and tissue 

To investigate the role of PHB in pancreatic cancer cells, 
we first chose two human pancreatic cancer cell lines, 
AsPC-1 (high malignancy) and Capan-2 (low malig- 
nancy). Interestingly, AsPC-1 cells grew as single cells 
(Figure lA, left), whereas Capan-2 cells exhibited tiny 
islands of densely packed cells (Figure lA, right). Add- 
itionally, AsPC-1 cells exhibited much higher growth 
and migration capacities than those of Capan-2 cells 
(Additional file 1: Figure S1A,B). RT-PCR showed a 
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Figure 1 Expression of PHB in pancreatic cancer cells and tissue. A. Morphology of AsPC-1 and Capan-2 cells. Scale bar, 25 \im. B. RT-PCR 
analysis of PHB mRNA expression in AsPC-1 and Capan-2 cells. (3-actin was used as a control. C. Immunoblot analysis of PHB protein in AsPC-1 
and Capan-2 cells, a-tubulin was used as a control. D. Confocal microscopic images of the localization of PHB (red) in AsPC-1 and Capan-2 Cells. 
Nuclei were counterstained with DAPI. Scale bars, 25 \im. E. Quantification of the fluorescence intensity in (D). Values are the means + SD of 
triplicate samples, *P < 0.01. F. Representative images of PHB expression in PDAC and normal epithelial tissues. Scale bar, 50 |jm. G. Quantification 
of PHB expression in PDAC and normal pancreas tissues. Tumors were blindly scored based on the strength of PHB staining (n = 1 1 normal tissue 
samples and n = 46 PDAC tissue samples). Results are representative of three independent experiments. 
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difference in PHB mRNA expression levels, revealing 
higher expression in AsPC-1 cells than that in Capan-2 
cells (Figure IB and Additional file 1: Figure S2A). In agree- 
ment with RT-PCR data, immunoblot analysis also demon- 
strated high expression of PHB protein in AsPC-1 cells, but 
little expression in Capan-2 cells (Figure IC and Additional 
file 1: Figure S2B). Intriguingly, localization of PHB in 
AsPC-1 cells was mainly in the plasma membrane and 
cytosol, whereas its localization was uniform in Capan-2 
cells (Figure 1D,E). This result indicated that the observed 
phenotypes may correlate with the expression and localiza- 
tion of PHB protein. Therefore, AsPC-1 cells were chosen 
to investigate the biological properties of PHB in pancre- 
atic cancer both in vitro and in vivo. 

We next assessed PHB expression in pancreatic tissue. 
PHB protein was weakly expressed in 63.6% of normal 
pancreas samples (n=ll) (Figure 1F,G). However, PHB 
protein was strongly expressed in 58.7% of PDAC samples 
(n = 46) (Figure 1F,G and Additional file 1: Figure S3). 
Taken together, these results show that PHB, which 
becomes more pronounced with pancreatic cancer malig- 
nancy, may serve as a therapeutic target in pancreatic 
cancer. 



PHB is indispensable for EGF-induced ERK activation in 
pancreatic cancer cells 

The duration of ERK activity is a crucial factor in diverse 
biological processes that determine cell fate decisions 
[18]. ERK is phosphorylated and activated by MEK in re- 
sponse to growth factor stimulation, and then activated 
ERK phosphorylates and activates nuclear targets to up- 
regulate immediate-early genes [19]. Therefore, we deter- 
mined the expression levels of p-ERKl/2 in AsPC-1 and 
Capan-2 cells. Intriguingly, the phosphorylation status of 
ERK2 was much higher than that of ERKl in AsPC-1 cells, 
and this phenomenon was completely converse in Capan-2 
cells (Figure 2A). This observation suggests distinct roles 
of ERKl and ERK2 in the regulation of cell behavior in 
AsPC-1 and Capan-2 cells. 

To test whether PHB is required for the ERK pathway, 
we validated a siRNA against PHB (siPHB) in AsPC-1 
and Panc-1 cells by quantitative real-time PCR. The re- 
sults showed that siPHB reduced the PHB mRNA level by 
about 80% compared with that using control siRNA 
(siCon) (Additional file 1: Figure S4A,B). Furthermore, 
we checked the phosphorylation status of ERKl/2 in 
siPHB-transfected AsPC-1 and Panc-1 cells. As expected. 
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Figure 2 PHB is indispensable for EGF-induced ERK activation in pancreatic cancer cells. A. Immunoblot analysis of PHB and p-ERKl/2 
levels in AsPC-1 and Capan-2 cells, a-tubulin was used as a loading control. B. AsPC-1 and Panc-1 cells were transfected with PHB-specific (siPHB) 
or control (siCon) siRNAs. At 48 h post-transfection, cells were treated with EGF (50 ng/ml) for 15 min and then subjected to immunoblot analysis 
using the indicated antibodies. p-ERKl/2 was detected as an activation marker and a-tubulin as the loading control. C. Confocal microscopic 
images of the localization of PHB (red) and p-ERKl/2 (green). AsPC-1 cells were transfected with PHB-specific (siPHB) or control (siCon) siRNAs. 
After 48 h of transfection, cells were stimulated with EGF (50 ng/ml) for 15 min. AsPC-1 cells were incubated with antibodies specific for PHB and 
p-ERKl/2. Nuclei were counterstained with DAPI. Scale bars, 10 pm. Results are representative of three independent experiments. 
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stimulation of AsPC-1 cells with epidermal growth factor 
(EGF) caused an increase of ERKl/2 phosphorylation 
(Figure 2B,C), whereas silencing of PHB expression 
strongly suppressed the EGF-induced phosphorylation 
of ERK (Figure 2B,C). This finding suggested specific 
involvement of PHB in the RAS-RAF-ERK pathway. 
Moreover, a similar result was obtained in Panc-1 cells 
(Figure 2B), indicating general inhibition of ERK activation 
by PHB depletion. Thus, these results clearly indicate that 
PHB is required for EGF-induced ERKl/2 activation in 
pancreatic cancer cells. 

RocA disrupts the ERK pathway by targeting the 
CRAF-PHB interaction in AsPC-1 cells 

The oncogenic R AS -ERK pathway is a key node for 
cellular proliferation signals and has been the focus of 
substantial drug discovery efforts in many cancers [20-23] . 
A previous study has indicated that RocA suppresses the 
ERK pathway in leukemic cells [24]. To confirm that the 
anti-tumor effect of RocA is indeed caused by suppression 
of the ERK pathway, we examined the effect of RocA on 
ERK activity in AsPC-1 cells (Figure 3E). The results 



showed significant dose-dependent inhibition of the phos- 
phorylation status of ERKl/2 (Figure 3B). Importantly, 
RocA showed very strong time-dependent suppression of 
ERKl/2 activities (Figure 3B). 

PHB was previously shown to be required for mem- 
brane association and activation of CRAF [15]. Therefore, 
we examined whether RocA affects PHB-CRAF mem- 
brane association in AsPC-1 cells. To this end, cell 
membrane and cytosol fractions were prepared from 
AsPC-1 cells treated with Roc- A or DMSO to analyze the 
localization of PHB and CRAF. Immunoblot analysis 
showed significant reduction of CRAF, particularly phos- 
phorylated CRAF (pSer338), in the membrane fraction 
after RocA treatment (Figure 3C). Notably, RocA also sig- 
nificantly reduced the levels of PHB in the membrane 
fraction, indicating that binding of RocA to PHB may also 
interfere with PHB membrane association. However, 
RocA did not influence membrane localization of RAS 
(Figure 3C). Indeed, immunoprecipitation analysis sug- 
gested that RocA substantially decreased the amounts of 
total CRAF bound to PHB in AsPC-1 cells (Figure 3D). 
Notably, confocal microscopic analysis showed that 
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Figure 3 RocA disrupts tiie RAS-ERK pathiway by targeting the CRaf-PHB interaction in AsPC-1 cells. A. Chemical structure of RocA B 
AsPC-1 cells were treated with RocA at various concentrations or time periods as indicated and then the activation status of ERK was examined 
by immunoblot analysis. ERKl and a-tubulin were used as controls. C. Analysis of PHB-CRAF membrane localization in AsPC-1 cells in the presence 
of RocA or DMSO. AsPC-1 cells were treated with RocA (100 nM) or DMSO for 16 h. Whole cell lysates as well as cell membrane and cytosol 
fractions were prepared and then subjected to immunoblot analysis with the indicated antibodies. Phospho-CRAF (pSer338) was used as marker 
of activity and a-tubulin as the loading control. D. Immunoprecipitation of PHB protein and associated CRAF from AsPC-1 cells following 4 h of 
treatment with RocA (100 nM) or DMSO. E. Confocal microscopic images of the localization of PHB (red) and p-ERKl/2 (green). AsPC-1 cells were 
treated with RocA (100 nM) or DMSO for 4 h and then stimulated with EGF (50 ng/ml) for 15 min. AsPC-1 cells were incubated with antibodies specific 
for PHB or p-ERKl/2. Nuclei were counterstained with DAPI. Scale bars, 10 pm. Results are representative of three independent experiments. 
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treatment of AsPC-1 cells with 100 nM RocA for 4 h 
led to a loss of plasma membrane localization and ran- 
dom redistribution of PHB (Figure 3E). This observation 
indicates that inhibition of the PHB-CRAF interaction by 
RocA leads to the loss of spatial organization of PHB in 
AsPC-1 cells. Collectively, these results further demon- 
strate that RocA blocks the RAS-CRAF-ERK signaling 
pathway by disruption of the PHB-CRAF interaction in 
pancreatic cancer. 

RocA mimics the effect of PHB knockdown on 
epithelial-mesenchymal transition (EMT) markers and 
reverses the EMT phenotype in AsPC-1 cells 

The oncogenic RAS-RAF-ERK pathway confers epithelial 
cells with critical motile and invasive capacities during car- 
cinoma progression, often by promotion of EMT [25,26] . 
To further investigate the role of PHB in EMT, the effects 
of PHB siRNA and RocA on EMT markers were assayed 
in AsPC-1 cells. First, we detected EMT markers in 
AsPC-1 and Capan-2 cells (Figure 4A). Knockdown of 
PHB in AsPC-1 cells by siRNA resulted in upregulation of 



E-cadherin and |3-catenin and downregulation of vimentin 
(Figure 4B). Similar to the effect of PHB knockdown, treat- 
ment of AsPC-1 cells with RocA showed the same results 
(Figure 4C). 

Activated ERK2 directly phosphorylates Snail, leading 
to nuclear accumulation, reduced ubiquitylation, and an 
increased protein half-life of Snail, and then promotion 
of breast cancer cell invasion and migration in vitro and 
metastasis in vivo [27]. Another study has shown clear 
increases of ZEBl and ZEB2 protein levels by ERK2 but 
not ERKl [28]. To further investigate the molecular 
basis of ERK-regulated EMT, we detected the levels of 
Snail 1, ZEBl, and transcription factors known to regu- 
late EMT which act downstream of ERKl/2. Interest- 
ingly, we observed similar results in PHB-silenced and 
RocA-treated AsPC-1 cells (Figure 4B,C). 

AsPC-1 cells lacking PHB expression showed defective 
migration (Figure 4D), indicating that the formation of 
clusters is the consequence of reduced motility of cells 
that lack high levels of PHB. Notably, AsPC-1 cells treated 
with RocA formed cell clusters similar to those formed by 
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Figure 4 RocA mimics PHB-lcnoclcdown effects on EMT marlcers and reverses EMT in AsPC-1 cells. A. AsPC-1 and Capan-2 cells were lysed 
and then subjected to immunoblot analysis with the indicated antibodies. B. AsPC-1 cells were transfected with PHB-specific (siPHB) or control 
(siCon) siRNAs. After 48 h of transfection, the cells were lysed and subjected to immunoblot analysis with the indicated antibodies. C. AsPC-1 cells 
were treated with RocA (100 nM) or DMSO for 16 h, and then subjected to western blot analysis with the indicated antibodies. D. Morphological 
changes of PHB-knockdown AsPC-1 cells (B) and RocA-treated AsPC-1 cells (C) treated with control siRNAs (siCon) or DMSO. Scale bars, 25 pm. 
Results are representative of three independent experiments. 
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cells with reduced PHB expression (Figure 4D). Taken 
together, RocA mimics the effect of PHB knockdown on 
EMT marker expression and reverses the EMT phenotype 
in AsPC-1 cells. 

RocA selectively diminishes the viability of 
PHB-dependent pancreatic cancer cells in vitro 
and inhibits their migration in vitro and in vivo 

To characterize the action of RocA on pancreatic cancer 
cell growth, AsPC-1 and Panc-1 cells were treated with 
RocA (100 nM) or DMSO for 16 h and then applied to 
CCK-8 assays. RocA markedly impaired the growth of 
AsPC-1 and Panc-1 cells without affecting Hs 578Bst or 
L02 cells as controls (Figure 5A,B). Interestingly, Capan-2 
cells did not show any detectable toxicity in the presence 
of RocA (Additional file 1: Figure S5), suggesting deficient 
expression of PHB in Capan-2 cells may rescue the effects 
of RocA. Additionally, RocA impaired the migration of 
AsPC-1 and Panc-1 cells (Figure 5C). 

To investigate the effect of RocA on metastasis, we 
established an orthotopic xenograft model in mice using 
AsPC-1 cells. At 1 week after orthotopic implantation of 
AsPC-1 cells into severe combined immunodeficient 
(SCID) mice, RocA (5 mg/kg body weight) was adminis- 
trated via intraperitoneal injection daily for 3 weeks. As a 



result, treatment with RocA significantly suppressed can- 
cer metastasis to the lung and liver in mice (Figure 5D). 
Histological analysis of the lung and liver revealed that 
dissemination of cancer cells was absent in tissue sections 
from RocA-treated mice, but an abundance of cancer cells 
were observed in vehicle-treated mice (Figure 5D). Com- 
parison of the survival curve of RocA-treated mice with 
that of vehicle-treated mice showed that RocA treatment 
significantly prolonged the survival of tumor-bearing mice 
(Additional file 1: Figure S6A,B). Taken together, RocA 
impairs the migration of pancreatic cancer cells in vitro 
and in vivo, 

RocA suppresses in vivo growth of tumor xenografts 

To further evaluate the anti-tumor activity of RocA, we 
administered RocA to SCID mice bearing subcutaneous 
AsPC-1 tumor cell xenografts and monitored the tumor 
growth rate. RocA was administrated by intraperitoneal 
injection once per day. As a result, RocA significantly 
suppressed tumor growth compared with that in the con- 
trol group. Tumor volumes in the RocA-treated group 
were 37 ± 8% of those in the control group (Figure 6A,B). 
Intriguingly, RocA treatment neither caused any loss of 
body weight nor exhibited apparent signs of toxicity in 
mice during the treatments (Figure 6C), suggesting that 
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Figure 5 RocA selectively diminishes the viability and migration of KRAS-mutated pancreatic cancer cells. A. Viability of DMSO- and 
RocA-treated AsPC-1 and Panc-1 cells. Values are the means ± SD of triplicate samples, *P < 0.01 . B. Viability of DMSO- and RocA-treated Hs 578Bst 
and L02 cells. Values are the means ± SD of triplicate samples, *P < 0.01 . C. Transwell migration assays of AsPC-1 and Panc-1 cells treated with 
RocA (50 or 100 nM). The plot shows the quantification of cells that passed through the filters relative to DMSO that was set to 100%. Values are 
the means ± SD of triplicate samples, *P < 0.01. Scale bars, 25 pm. D. Effect of RocA on pancreatic cancer metastasis in an orthotopic xenograft 
model. AsPC-1 cells were orthotopically injected into the pancreas of mice (n = 6) as described in the Methods. At 1 week post-implantation, RocA 
(5.0 mg/kg, n = 3) or the vehicle (1 % DMSO in olive oil, n = 3) was administrated via daily intraperitoneal injection for 4 weeks. Then, the lungs 
and livers of mice were collected and processed for H&E staining. The number of tumor foci was counted in the lungs and livers of sacrificed 
mice. Arrows indicate tumor foci. T, tumor. Values are the means ± SD of triplicate samples, ""P < 0.01 . Scale bars, 50 jjm. 
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Figure 6 RocA suppresses in vivo tumor growth in a xenograft model. Subcutaneously established AsPC-1 cell-derived tumors in SCID mice 
were treated with the vehicle (1% DMSO in olive oil, n = 6) or RocA (5.0 mg/kg, n = 5) via daily intraperitoneal injection for 48 days. The tumor 
volume (A, B) and body weight (C) were monitored twice per week for 28 days. Values are the means ± SD of triplicate samples, *P < 0.01 . Scale 
bar, 1 cm. D. Survival of mice with established tumor burden randomized to receive RocA or vehicle by intraperitoneal injection. E. Median 
survival of the mice in (D). Statistical significance was calculated by the log-rank test. Data are shown as the means ±SD. F. Histological analysis 
of tumors from (A, B) was performed by H&E staining and examining Ki-67 and cyclin Dl expression to compare cell proliferation in RocA- and 
vehicle-treated tumors. Scale bars, 50 pm. G. Quantification of Ki-67- and cyclin Dl -positive cells in (F). Values are the means ±SD of triplicate 
samples, *P<0.01. 
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RocA is generally well tolerated in vivo. Moreover, although 
RocA-treated mice eventually died from the pancreatic 
tumors, treatment with RocA significantly extended 
their lifespan compared with that of vehicle treatment 
(Figure 6D,E). 

Next, we investigated the effect of RocA on cell prolif- 
eration in vivo by hematoxylin and eosin (H&E) staining 
and examining Ki-67 and cyclin Dl expression in tumor 
tissues harvested from vehicle- and RocA-treated mice. 
H&E staining showed a compact mass of epithelial cells in 



vehicle-treated mice, whereas RocA-treated tumors exhib- 
ited loose epithelial cell aggregates with a higher number 
of interspersed mesenchymal cells (Figure 6F, left). In 
addition, RocA treatment resulted in a 3.2-fold decrease of 
Ki-67-positive cells in tumor sections from RocA-treated 
mice compared with that in vehicle-treated mice (Figure 6F, 
middle and 6G, upper). Furthermore, we found a 4.1-fold 
decrease of cyclin Dl -positive cells in tumor sections from 
RocA-treated mice relative to that in vehicle-treated 
mice (Figure 6F, right and 6G, lower). Therefore, RocA is 
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a potent small molecule that suppresses the growth of 
AsPC-1 cell-derived tumors in vivo. 

Discussion 

The RAS-RAF-ERK signaling pathway has been intensely 
researched because of its central role in cancer cell prolifer- 
ation, survival, invasion, and metastasis [21,29,30]. How- 
ever, the small G-protein RAS appears to be an intractable 
therapeutic target. Alternatively, downstream kinases in the 
pathway can be targeted, such as RAF and MEK. Although 
inhibitors of RAF and MEK have shown therapeutic value, 
tumor resistances counteract their effectiveness [31-33]. 
Therefore, targeting scaffold proteins such as PHB may be 
a valid downstream target of RAS. 

Here, we represent a new strategy for combating onco- 
genic RAS-ERK signaling pathway by targeting the PHB- 
CRAF interaction in pancreatic ductal adenocarcinoma. 
Considering that PHB forms a signaling complex with 
CRAF to regulate RAF-MEK-ERK pathway, we demon- 
strated that PHB was highly expressed in human pancre- 
atic cancer and depletion of PHB reduced in vitro invasion 
of RAS-driven cancer cells. In addition, we found that de- 
pletion of PHB suppressed ERK activity. Furthermore, ERK 
activity was blocked by Roc A in RAS-driven cancer cells. 
RocA also suppressed the growth and invasion of these 
cells in vitro and inhibited the growth of tumor xenografts 
in SCID mice. Notably, no such effects were observed in 
normal epithelial cells, demonstrating the specificity of this 
response. To assess the consequences of long-term RocA 
treatment, we found that RocA extended the lifespan of 
these animals with a notable lack of toxicity compared with 
that of animals treated with the vehicle only. 

Thus, RocA suppressed ERK activity and inhibited 
in vitro and in vivo growth and migration of cancer cells, 
which are dependent on the ERK pathway. These results 
indicated that the PHB scaffold function is essential in 
ERK pathway-driven pancreatic cancer cells and vali- 
dated PHB as a therapeutic target. More importantly, 
RocA was relatively nontoxic in PHB-deficient cancer 
and normal cells, suggesting that the scaffold function of 
PHB in the ERK pathway is dispensable in these cells. 
These observations suggest that ERK-driven cancer cells 
are particularly sensitive to both the levels and fidelity of 
ERK signaling, and that PHB plays a key role in ensuring 
that signaling is maintained at optimal levels. This infer- 
ence may be why these cells are sensitive to disruption 
between CRAF and PHB by RocA. 

Although our work provides a strong case for targeting 
PHB by RocA, it remains to be determined whether this 
known RocA activity may contribute to the overall effect 
of RocA on survival of pancreatic tumor cells in vivo 
and in vitro, 

RocA has been reported to inhibit translation initiation 
to block HSFl activation by stimulating an interaction of 



RNA with eIF4A helicase [34]. However, the RAS-RAF- 
ERK pathway is a key pathway that regulates protein syn- 
thesis and tumor survival [35,36]. RocA does not directly 
disrupt the translational machinery, but it inhibits the 
ERK pathway to prevent eIF4E phosphorylation and 
subsequently suppress translation [37,38]. Therefore, the 
translation inhibition and the degree to which their roles 
overlap complement or antagonize each other in modulat- 
ing the pathway remain elusive. Additionally, it is unclear 
if RocA will succumb to the same pitfalls as other RAF- 
targeting therapies. Clearly, unravelling the complexity of 
disrupting PHB function will be challenging. However, our 
study represents a compelling argument for future investi- 
gating PHB in oncogenic pathway as a drug target. 

Conclusions 

In summary, targeting the PHB-CRAF interaction repre- 
sents a potential new avenue for the treatment of pancre- 
atic cancer. This new approach could be an important 
supplement therapy and may provide mechanistic insight 
into the molecular basis of RAS-RAF-ERK pathway in 
pancreatic cancer. Thus, RocA treatment as a new tar- 
geted therapy is a promising approach for improving the 
current therapeutic strategies and overcoming resistances 
of kinase inhibitors, and should be investigated in future 
preclinical and clinical studies. 

Methods 

Reagents 

Antibodies against PHB, ERKl, CRAF, RAS, Ki-67, and 
cyclin-Dl were obtained from Abeam (Cambridge, UK). 
An anti-a-tubulin antibody was obtained from Santa Cruz 
Biotechnology (Santa Cruz, CA). EGF, an Epithelial Mesen- 
chymal Transition Antibody Sampler Kit, and antibodies 
against phosphorylated forms of ERKl/2 and CRAF 
(Ser338) were purchased from Cell Signaling Technology 
(Danvers, MA). Cell culture reagents were purchased from 
GIBCO/Invitrogen (Carlsbad, CA). Specific siRNA against 
PHB and control siRNA were purchased from Qiagen 
(Valencia, CA). RocA (>98% pure) was procured from 
Enzo Life Sciences (Lorrach, Germany). All chemicals were 
purchased from Sigma Aldrich (St. Louis, MO) unless indi- 
cated otherwise. 

Cell lines, culture conditions, and clinical specimens 

Pancreatic cancer cell lines AsPC-1, Capan-2, and Panc-1 
were obtained from the American Type Culture Collec- 
tion (Rockville, MD). The cells were cultured in RPMI 
1640 medium supplemented with 10% fetal calf serum, 
penicillin (100 U/ml), and streptomycin (100 (ig/ml) in a 
humidified incubator containing 5% CO2 at 37°C. The 
normal human breast epithelial cell line Hs 578Bst and 
normal human liver cell line L02 were purchased from 
Shanghai Cell Bank (Shanghai, China). These cells were 
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cultured in Dulbecco's modified Eagle's medium supple- 
mented with 10% fetal calf serum, penicillin (100 U/ml), 
and streptomycin (100 (ig/ml) in a humidified incubator 
containing 5% CO2 at 37°C. AsPC-1 and Capan-2 cells 
were serum starved for 4-6 h before stimulation with 
EGF at a final concentration of 50 ng/ml for 15 min. Tis- 
sue samples were collected from patients during pancre- 
atic resections for PDAC (n = 46). Normal pancreatic 
tissue samples were obtained through an organ donor 
procurement program when there was no suitable recipi- 
ent for pancreatic transplantation (n= 11). Pancreatic tis- 
sues were immediately stored at -80°C or formalin-fixed 
and paraffin-embedded for histological analysis. The use 
of human tissue was approved by the local ethics commit- 
tee (Tongji Medical College, China) and written informed 
consent was obtained from patients prior to surgery. 

RT-PCR and quantitative real-time PGR 

At the indicated time points, total RNA was harvested 
from cells by treatment with TRIzol (Invitrogen) according 
to the manufacturers protocol. For RT-PCR analysis, total 
RNA (1 (ig) was used as a template for cDNA synthesis 
with a reverse transcription kit (Fermentas). Equal 
amounts of cDNA were used in PCR analyses. The follow- 
ing primers were used in this study. PHB: forward, 5'- 
CTGCCTTATATAATGTGGATGCTG-3' and reverse, 
5'-GCTCTCTCTGGGTGATTAGTTCTC-3'; |3-actin: 
forward, 5'-AGTGTGACGTCGACATCCGC-3' and re- 
verse, 5 '-GACTCGTCGTACTCCTGCTT-3 '. For quanti- 
tative real-time PCR analysis, the relative amount of PHB 
mRNA was determined using a Quantitect™ SYBR® Green 
RT-PCR Kit (Qiagen) following the manufacturers in- 
structions. The expression level of PHB mRNA was 
normalized against the internal standard, GAPDH. The 
following primers were used in the analyses. PHB: for- 
ward, 5 '-CTTTGACTGCCGTTCTCGAC-3' and reverse, 
5'-TGGGTGGATTAGTTCTCCAGC-3'; GAPDH: for- 
ward, 5'-GGTATCGTGGAAGGACTCATGACGA-3' and 
reverse, 5 '-ATGCCAGTGAGCTTCCCGTTCAG-3 

Immunoprecipitation and immunoblot analysis 

Cells were washed twice with ice-cold PBS and then 
lysed with ice-cold lysis buffer. Lysates were kept on ice 
for 30 min and then centrifuged at 17,000^ for 15 min 
at 4°C. Equal amounts of proteins were used for immu- 
noprecipitation of PHB by overnight incubation (at 4°C 
with gentle rocking) with specific antibodies and then 
protein G -agarose. The agarose beads were washed five 
times with washing buffer, resuspended in 2x Laemmli 
buffer, and then boiled for 5 min. For western blot- 
ting analysis, equal amounts of proteins were sepa- 
rated by SDS-polyacrylamide gel electrophoresis and 
then transferred onto polyvinylidene difluoride mem- 
branes (Millipore). The membranes were blocked with 



5% bovine serum albumin (BSA) in Tris-buffered saline- 
Tween 20 for 2 h and then incubated with primary anti- 
bodies at 4°C overnight. Immunoreactive proteins were 
detected with horseradish peroxidase-conjugated second- 
ary antibodies. 

Confocal microscopy 

Cells were fixed with 4% formaldehyde in PBS for 
10 min, washed, and then permeabilized with 0.5% Tri- 
ton X-100 for 15 min. The fixed cells were incubated 
with 1% BSA in PBS for 60 min and then overnight with 
gentle rocking at 4°C with antibodies against PHB and 
p-ERKl/2. The cells were washed five times with 1% 
BSA and then incubated for 50 min with Alexa Fluor 
647-labeled rabbit anti-mouse IgG (H + L) (Abeam) to 
detect PHB and Alexa Fluor 488-labeled goat anti-rabbit 
IgG (H + L) (Abeam) to detect p-ERKl/2. Nuclei were 
counterstained with DAPI. After washing the cells with 
PBS and mounting with SlowFade Antifade Kit (Life 
Technologies), confocal images were obtained with an 
FV-1000 confocal laser scanning microscope (Olympus). 

PHB knockdown 

Cells were transfected with nonsense siRNA or siRNA 
targeting PHB (5'-CAGAAA UCACUGUGAAAUUTT-3') 
using HiPerFect transfection reagent (Qiagen) accord- 
ing to the manufacturer s protocol. Cells were collected 
at the indicated time points after transfection for various 
assays. 

CCK-8 assay 

Cells were seeded in 96-well plates at 5 x 10^ cells per 
well and allowed to adhere for 24 h at 37°C. The cells 
were then treated with RocA (100 nM) or DMSO for 
16 h. Following the treatments, a CCK-8 solution (10 [A; 
Dojindo, Kumamoto, Japan) was added to each well. 
After incubation at 37°C for another 2 h, viable cells were 
detected by measuring the absorbance at 570 nm using an 
EL X 800 Absorbance Microplate Reader (Bio-Tek, Seattle, 
WA, USA). Cell viability was expressed as the percentage 
absorbance of cells treated with RocA compared with that 
of DMSO-treated cells. 

Transwell migration assay 

Cell migration was analyzed using a modified two- 
chamber transwell system (BD) following the manufac- 
turers instructions. Cells were detached by trypsin-EDTA, 
washed once with serum-free medium, and then re- 
suspended in serum-free medium. Then, 0.5 ml of either 
complete culture medium or serum-free medium con- 
taining 50 ng/ml EGF was added to each lower chamber. 
Cells (1 X 10^) were added to each transwell insert and 
allowed to migrate for 12 h a 37°C. The cells on the 
upper surface of the transwells were removed using 
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cotton swabs. Migrated cells attached on the under- 
surface were fixed with 4% paraformaldehyde for 10 min 
and then stained with a crystal violet solution (0.5% in 
water) for 10 min. Cells were counted under a microscope 
at 200 X magnification. 

Subcutaneous and orthotopic xenografts in SCID mice 

SCID mice were purchased from HFK Bioscience Ltd 
(Beijing, China). Animal experiments were performed in 
accordance with relevant institutional and national regu- 
lations, and research protocols were approved by the 
relevant authorities. AsPC-1 cells (3 x 10^) suspended in 
a 100 (il mixture of equal volumes of medium and matri- 
gel were implanted subcutaneously into the right flank 
of 6-week-old female SCID mice. When the tumors had 
reached a volume of about 50-70 mm^, the mice were 
then randomly divided into two groups. The treatment 
group received an intraperitoneal injection of Roc A 
(5.0 mg/kg in 80 [A olive oil, n = 5), whereas the vehicle 
control group received olive oil alone (n = 6). These 
treatments were carried out once daily for 48 days. 
Tumor volumes and the body weight of animals were 
measured twice a week. Tumor volumes (mm^) were 
calculated with the following formula: V = (where 
L is the longest diameter and S is the shortest diameter). 
At the end of experiment, the mice were sacrificed and 
the tumors were harvested, fixed in formalin, and em- 
bedded in paraffin for tissue sectioning and immunohis- 
tochemistry. For orthotopic metastasis assays, AsPC-1 
cells (3 X 10^) were ortho topically injected into the pan- 
creas of mice (n = 6) as described previously [39]. At 
1 week post-implantation, RocA (5.0 mg/kg in 80 [A 
olive oil, n = 3) or the vehicle (1% DMSO in olive oil, 
n = 3) was administrated via intraperitoneal injection 
daily for 3 weeks. Then, these mice were sacrificed to 
evaluate metastasis to the organs such as the liver 
and lung. The metastatic nodules in the right lung and 
liver were quantified under a dissecting microscope. An- 
other ten mice were subjected to the same treatment. The 
survival time of these mice in each group (RocA-treated 
group, n = 5; Vehicle control group, n = 5) was monitored. 

Immunohistochemistry 

Immunohistochemical analysis was performed as described 
previously [40] with antibodies against PHB, Ki-67, and 
cyclin-Dl. 

Statistics 

Data are representative of at least three independent 
experiments or multiple independent mice as indicated. 
Statistical analyses were performed by Students ^-tests 
and analysis of variance followed by post-hoc compari- 
sons. Kaplan-Meier survival data were reanalyzed using 
the log-rank test. 
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the survival rate of AsPC-1 cells implanted in the pancreas of the mice. 



Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

ZL and YH carried out most of the experiments; MA participated in the 
experiments and performed the statistical analysis; ZSC and FH participated 
in the design of the study and helped draft the manuscript. All authors read 
and approved the final manuscript. 

Acknowledgements 

This work was supported by the National Natural Science Foundation of 
China (No. 81000290, 81370581, 30972796). 

Author details 

^Institute of Organ Transplantation, Tongji Hospital, Tongji Medical College, 
Huazhong University of Science and Technology, Wuhan, China. ^Key 
Laboratory of Ministry of Health and Key Laboratory of Ministry of Education, 
Wuhan, China. ^Department of Ophthalmology, Shanghai First Hospital, 
Shanghai Jiao Tong University School of Medicine, Shanghai, China. 
^Department of Cardiothoracic Surgery, Zagazig University Hospital, Alsharkia, 
Egypt. 

Received: 12 November 2013 Accepted: 19 February 2014 
Published: 25 February 2014 

References 

1. Haeno H, Gonen M, Davis MB, Herman JM, lacobuzio-Donahue CA, 
Michor F: Computational modeling of pancreatic cancer reveals kinetics 
of metastasis suggesting optimum treatment strategies, Ce//2012, 

148:362-375. 

2. Perez-Mancera PA, Rust AG, van der Weyden L, Kristiansen G, Li A, Sarver AL, 
Silverstein KA, Grutzmann R, Aust D, Rummele P, Knosel T, Herd C, Stemple 
DL, Kettleborough R, Brosnan JA, Li A, Morgan R, Knight S, Yu J, Stegeman 

S, Collier LS, ten Hoeve JJ, de Ridder J, Klein AP, Goggins M, Hruban RH, 
Chang DK, Biankin AV, Grimmond SM, Australian Pancreatic Cancer Genome 
Initiative: The deubiquitinase USP9X suppresses pancreatic ductal 
adenocarcinoma. Nature 2012, 486:266-270. 

3. Son J, Lyssiotis CA, Ying H, Wang X, Hua S, Ligorio M, Perera RM, Ferrone 
CR, Mullarky E, Shyh-Chang N, Kang Y, Fleming JB, Bardeesy N, Asara JM, 
Haigis MC, DePinho RA, Cantley LC, Kimmelman AC: Glutamine supports 
pancreatic cancer growth through a KRAS-regulated metabolic pathway. 
Nature 20)3, 496:101-105. 

4. Rustgi AK The molecular pathogenesis of pancreatic cancer: clarifying a 
complex circuitry. Genes Dev 2006, 20:3049-3053. 

5. Diep CH, Munoz RM, Choudhary A, Von Hoff DD, Han H: Synergistic effect 
between eriotinib and MEK inhibitors in KRAS wild-type human 
pancreatic cancer cells. Clin Cancer Res 201 1, 17:2744-2756. 

6. Hanrahan AJ, Solit DB: RAF/MEK dependence of KRAS-mutant pancreatic 
ductal adenocarcinomas. Cancer Discov 2012, 2:666-669. 

7. Miyabayashi K, Ijichi H, Mohri D, Tada M, Yamamoto K, Asaoka Y, Ikenoue T, 
Tateishi K, Nakai Y, Isayama H, Morishita Y, Omata M, Moses HL, Koike K 
Eriotinib prolongs survival in pancreatic cancer by blocking 
gemcitabine-induced MARK signals. Cancer Res 2013, 73:2221-2234. 

8. Good MC, Zaiatan JG, Lim WA: Scaffold proteins: hubs for controlling the 
flow of cellular information. Science 201 1, 332:680-686. 

9. Kolch W: Coordinating ERK/MAPK signalling through scaffolds and 
inhibitors. Nat Rev Mol Cell Biol 2005, 6:827-837. 

10. Patel N, Chatterjee SK, Vrbanac V, Chung I, Mu CJ, Olsen RR, Waghome C, 
Zetter BR: Rescue of paclitaxel sensitivity by repression of Prohibitinl in 
drug-resistant cancer cells. Proc Natl Acad Sci USA 2010, 107:2503-2508. 



Luan et al. Molecular Cancer 2014, 13:38 
http://www.nnolecular-cancer.conn/content/1 3/1/38 



Page 11 of 1 1 



11. Mishra S, Murphy LC, Murphy LJ: The Prohibitins: emerging roles in 
diverse functions. J Cell Mol Med 2006, 10:353-363. 

12. Kolonin MG, Saha PK, Chan L, Pasqualini R, Arap W: Reversal of obesity by 
targeted ablation of adipose tissue. Nat Med 2004, 10:625-632. 

13. Artal-Sanz M, Tavernarakis N: Prohibitin couples diapause signalling to 
mitochondrial metabolism during ageing in C. elegans. Nature 2009, 
461:793-797. 

14. Rajalingam K, Rudel T: Ras-Raf signaling needs prohibitin. Cell Cycle 2005, 
4:1503-1505. 

15. Rajalingam K, Wunder C, Brinkmann V, Churin Y, Hekman M, Sievers C, 
Rapp UR, Rudel T: Prohibitin is required for Ras-induced Raf-MEK-ERK 
activation and epithelial cell migration. Nat Cell Biol 2005, 7:837-843. 

16. Kim S, Salim AA, Swanson SM, Kinghorn AD: Potential of cyclopenta [b] 
benzofurans from Aglaia species in cancer chemotherapy. Anticancer 
Agents Med Chem 2006, 6:319-345. 

17. Poller G, Neumann J, Thuaud F, Ribeiro N, Gelhaus C, Schmidt H, Giaisi M, 
Kohler R, Muller WW, Proksch P, Leippe M, Janssen 0, Desaubry L, Krammer 
PH, Li-Weber M: The natural anticancer compounds rocaglamides inhibit 
the Raf-MEK-ERK pathway by targeting prohibitin 1 and 2. Chem Biol 
2012, 19:1093-1104. 

18. Sharrocks AD: Cell cycle: sustained ERK signalling represses the inhibitors. 
CurrBiol 2006, 16:R540-R542. 

19. Casar B, Pinto A, Crespo P: Essential role of ERK dimers in the activation 
of cytoplasmic but not nuclear substrates by ERK-scaffoldcomplexes. 
Mol Cell 2008, 31:708-721. 

20. McKay MM, Ritt DA, Morrison DK: RAF inhibitor-induced KSR1/B-RAF 
binding and its effects on ERK cascade signaling. Curr Biol 201 1, 
21:563-568. 

21. Hatzivassiliou G, Song K, Yen I, Brandhuber BJ, Anderson DJ, Alvarado R, 
Ludlam MJ, Stokoe D, Gloor SL, Vigers G, Morales T, Aliagas I, Liu B, Sideris S, 
Hoeflich KP, Jaiswal BS, Seshagiri S, Koeppen H, Belvin M, Friedman LS, 
Maiek S: RAF inhibitors prime wild-type RAF to activate the MAPK 
pathway and enhance growth. Nature 2010, 464:431-435. 

22. Roberts PJ, Der CJ: Targeting the Raf-MEK-ERK mitogen-activated 
protein kinase cascade for the treatment of cancer. Oncogene 2007, 
26:3291-3310. 

23. Blasco RB, Francoz S, Santamaria D, Cahamero M, Dubus P, Charron J, 
Baccarini M, Barbacid M: c-Raf, but not B-Raf, is essential for development 
of K-Ras oncogene-driven non-small cell lung carcinoma. Cancer Cell 

2011, 19:652-663. 

24. Zhu JY, Lavrik IN, Mahlknecht U, Giaisi M, Proksch P, Krammer PH, Li-Weber 
M: The traditional Chinese herbal compound rocaglamide preferentially 
induces apoptosis in leukemia cells by modulation of mitogen-activated 
protein kinase activities. Int J Cancer 2007, 121:1839-1846. 

25. Doehn U, Hauge C, Frank SR, Jensen CJ, Duda K, Nielsen JV, Cohen MS, 
Johansen JV, Winther BR, Lund LR, Winther 0, Taunton J, Hansen SH, 
Frodin M: RSK is a principal effector of the RAS-ERK pathway for eliciting 
a coordinate promotile/invasive gene program and phenotype in 
epithelial cells. Mol Cell 2009, 35:51 1-522. 

26. Thiery JP: Epithelial-mesenchymal transitions in tumour progression. 
Nat Rev Cancer 2002, 2:442-454. 

27. Zhang K, Corsa CA, Ponik SM, Prior JL, Piwnica-Worms D, Eliceiri KW, Keely 
PJ, Longmore GD: The collagen receptor discoidin domain receptor 2 
stabilizes SNAIL1 to facilitate breast cancer metastasis. Nat Cell Biol 2013, 
15:677-687. 

28. Shin S, Dimitri CA, Yoon SO, Dowdle W, Blenis J: ERK2 but not ERK1 
induces epithelial-to-mesenchymal transformation via DEF 
motif-dependent signaling events. Mol Cell 2010, 38:1 14-127. 

29. Flaherty KT, Robert C, Hersey P, Nathan P, Garbe C, Milhem M, Demidov LV, 
Hassel JC, Rutkowski P, Mohr P, Dummer R, Trefzer U, Larkin JM, Utikal J, 
Dreno B, Nyakas M, Middleton MR, Becker JC, Casey M, Sherman LJ, Wu FS, 
Ouellet D, Martin AM, Patel K, Schadendorf D, METRIC Study Group: 
Improved survival with MEK inhibition in BRAF-mutated melanoma. 

N Engl J Med 2012, 367:107-114. 

30. Hatzivassiliou G, Haling JR, Chen H, Song K, Price S, Heald R, Hewitt JF, Zak 
M, Peck A, Orr C, Merchant M, Hoeflich KP, Chan J, Luoh SM, Anderson DJ, 
Ludlam MJ, Wiesmann C, Ultsch M, Friedman LS, MaIek S, Belvin M: 
Mechanism of MEK inhibition determines efficacy in mutant 

KRAS- versus BRAF-driven cancers. Nature 2013, 501:232-236. 

31. Montero-Conde C, Ruiz-Llorente S, Dominguez JM, Knauf JA, Viale A, 
Sherman EJ, Ryder M, Ghossein RA, Rosen N, Fagin JA: Relief of feedback 



inhibition of HER3 transcription by RAF and MEK inhibitors attenuates 
their antitumor effects in BRAF-mutant thyroid carcinomas. Cancer Discov 
2013, 3:520-533. 

32. Duncan JS, Whittle MC, Nakamura K, Abell AN, Midland AA, Zawistowski JS, 
Johnson NL, Granger DA, Jordan NV, Darr DB, Usary J, Kuan PF, Smalley DM, 
Major B, He X, Hoadley KA, Zhou B, Sharpless NE, Perou CM, Kim WY, 
Gomez SM, Chen X, Jin J, Frye SV, Earp HS, Graves LM, Johnson GL: 
Dynamic reprogramming of the kinome in response to targeted MEK 
inhibition in triple-negative breast cancer. Cell 2012, 149:307-321. 

33. Straussman R, Morikawa T, Shee K, Barzily-Rokni M, Qian ZR, Du J, Davis A, 
Mongare MM, Gould J, Frederick DT, Cooper ZA, Chapman PB, Solit DB, 
Ribas A, Lo RS, Flaherty KT, Ogino S, Wargo JA, Golub TR: Tumor 
micro-environment elicits innate resistance to RAF inhibitors through 
HGF secretion. Nature 2012, 487:500-504. 

34. Santagata S, Mendillo ML, Tang Y, Subramanian A, Perley CC, Roche SP, 
Wong B, Narayan R, Kwon H, Koeva M, Amon A, Golub TR, Porco JA Jr, 
Whitesell L, Lindquist S: Tight coordination of protein translation and 
HSF1 activation supports the anabolic malignant state. Science 2013, 
341:1238303. 

35. Balmano K, Cook SJ: Tumor cell survival signaling by the ERK1/2 pathway. 
Cell Death Differ 2009, 16:368-377. 

36. Silvera D, Formenti SC, Schneider RJ: Translational control in cancer. 
Nat Rev Cancer 2010, 10:254-266. 

37. Bleumink M, Kohler R, Giaisi M, Proksch P, Krammer PH, Li-Weber M: 
Rocaglamide breaks TRAIL resistance in HTLV-1 -associated adult T-cell 
leukemia/lymphoma by translation suppression of c-FLIP expression. 
Cell Death Differ 201 1, 18:362-370. 

38. Blagden SP, Willis AE: The biological and therapeutic relevance of mRNA 
translation in cancer. Nat Rev Clin Oncol 201 1, 8:280-291. 

39. Tsutsumida H, Swanson BJ, Singh PK, Caffrey TC, Kitajima S, Goto M, 
Yonezawa S, Hollingsworth MA: RNA interference suppression of MUC1 
reduces the growth rate and metastatic phenotype of human pancreatic 
cancer cells. Clin Cancer Res 2006, 12:2976-2987. 

40. Singh AV, Franke AA, Blackburn GL, Zhou JR: Soy phytochemicals prevent 
orthotopic growth and metastasis of bladder cancer in mice by 
alterations of cancer cell proliferation and apoptosis and tumor 
angiogenesis. Cancer Res 2006, 66:1851-1858. 



doi:1 0.1 1 86/1 476-4598-1 3-38 

Cite this article as: Luan et al.: Targeting the prohibitin scaffold-CRAF 
kinase interaction in RAS-ERK-driven pancreatic ductal adenocarcinoma. 

Molecular Cancer 2014 13:38. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



